In this paper, indium-doped zinc oxide (IZO) films were grown by spray pyrolysis, using zinc acetate and indium acetylacetonate precursors. The focus was on developing a solution recipe based on water as solvent, with only minor acetic acid content, as well as keeping the substrate temperature as low as possible-at 360°C. The process is therefore environment friendly and energy efficient. Despite the challenging conditions, the resulting IZO films were highly transparent and conductive. Their texture deviates strongly from the (002) texture of ZnO and depends on the indium content, which also influences the resistivity. The latter attains its minimum for an indium concentration of 4 at.% in the solution and decreases for increasing film thickness, reaching the value of (5.0 ± 0.1) 9 10 -3 X cm, mainly due to the increase in carrier mobility. The stability of the resistivity after high dose of UV irradiation was found to increase with the carrier density and the film thickness. Thick, highly doped films show minimal resistivity modification even after a total dose of 12.1 kJ/cm 2 UVA/ UVB irradiation. Finally, to demonstrate its applicability in devices, the IZO electrode was used for the fabrication of a lead-perovskite absorber solar cell, yielding an energy conversion efficiency of 6% and 910 mV open-circuit voltage.
dominated by tin-doped indium oxide (ITO), which has the drawback of having indium as main constituent, which is a scarce and expensive element. This cost factor is a motivation to search for alternatives, which reduce the indium consumption, such as doped ZnO materials. The use of ZnO is especially advantageous if it is deposited with a low-cost method, such as spray pyrolysis [3] . Typical donors for ZnO are halide anions or the group 13 metals Al, Ga or In. Indium doping has delivered the best reported resistivity for films grown by spray pyrolysis, with values ranging from 9 9 10 -4 to 5 9 10 -3
X cm [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In these films, the In-dopant concentration was less than 4 at.%. In spray pyrolysis, the low-chain length alcohols methanol [5, 10, 12] , ethanol [9] and isopropanol [4, 11, [13] [14] [15] are predominantly used as solvents, either pure or in combination with water. As these alcohols are flammable, they can pose a safety hazard when sprayed on a hot surface, which is a disadvantage for the large-scale implementation of this technique. Moreover, methanol, the most popular among the used solvents, is highly toxic. This can pose a danger, as aerosols and vapors produced in the spraying process can be taken up via inhalation. Zaleta-Alejandre et al. [7] showed that it is possible to replace these chemicals with water as main solvent, making the solution more inexpensive and environment friendly. In their approach, a mixture of water and acetic acid (HAc) was used, obtaining a minimum resistivity of 8 9 10 -3 X cm, at elevated substrate temperature of 450°C. The investigated materials were, however, quite thin (\250 nm); thus, their sheet resistance was too large ([300 X/sq.) for practical device implementation.
Based on this approach, the aim of the present work was to develop a process for preparing transparent and conductive In-doped ZnO (IZO) films by spray pyrolysis with a sheet resistance value lower than 50 X/sq. To enhance the upscaling potential of the technique, the focus was set on low-cost and lowrisk, aqueous-based solution recipes, as well as low substrate temperatures. The dependence of the IZO film sheet resistance on the solution composition and the film thickness was investigated, as well as the resistance stability under high dose of UV irradiation and thermal treatment. Finally, the work concludes with the implementation of the optimized IZO electrode in organohalide lead-perovskite absorber solar cells. 3 . If residual white solid remained in the solution, it was allowed to settle to the bottom of the flask. The thin films were deposited on a Sono-Tek ExactaCoat system, using a Sono-Tek Impact Nozzle, spraying in vertical geometry. The nozzle used ultrasonic atomization and was operated at a frequency of 120 kHz and a power of 3 W. The scan speed of the nozzle was 25 mm/s. A complete substrate scan, representing one deposition cycle, lasted 8 s. A total of 570 cycles resulted to a thickness of 800 nm, which was the standard thickness unless otherwise stated. Pressurized air was used as shaping gas (0.5 bar), and the solution was sprayed with a rate of 0.8 ml/min. Borosilicate microscope slides (Schott Nexterion D, 75.6 9 25 9 1 mm) were used as substrate after being cleaned in an ultrasonic bath for 5 min at 60°C in a Hellmanex III solution and then rinsed with DI water and dried. The slides were placed on an aluminum plate residing on the hot plate, which was set to 360°C during deposition.
Materials and methods
The thickness of the films and the grain morphology were analyzed by scanning electron microscopy (SEM, Zeiss Ultra 40) both in cross section and in plane view. The crystal structure was additionally investigated by X-ray diffraction (XRD, Panalytical XPert MPD). Direct transmittance was measured by a Fourier transform (FT) spectrometer (Bruker Vertex 70) in the range of 300-2400 nm. The same instrument was used to measure specular reflectance spectra at an angle of 13°. Sheet resistance, carrier density and mobility values were extracted from Hall-effect measurements, which were performed in the van der Pauw geometry, with a magnetic field of 0.3 T. An average value and a standard deviation of these quantities were extracted for each sample (1 cm 2 ) from a number of measurements, which were conducted within a period of several days. The samples were measured in dark conditions to ensure resistance stability. Elemental analysis was performed using optical emission spectroscopy (OES, Perkin-Elmer Optima 5300 DV). For the fabrication of the Pb-perovskite solar cell, the IZO-coated glass substrate was used to spin-coat the solar cell films inside a glovebox, in N 2 atmosphere. Firstly, a PEDOT:PSS layer (Clevios PH1000) with DMSO additive was deposited and annealed at 100°C for 5 min. Then, the methylammonium lead iodide/chloride MAPbI 3-x Cl x (Ossilla, I101) absorber was coated and annealed at 90°C for 3 h. A PC 70 BM layer (Merck) followed, which was annealed at 90°C for 10 min. Finally, a layer of ZnO nanoparticles (NPs) (Nanograde N-10) was deposited atop and annealed at 90°C for 5 min. The sample was then taken out of the glovebox, and top Al contacts were evaporated through a shadow mask. The cells were not further encapsulated, and their current-voltage curves were measured at ambient atmosphere under dark and illuminated conditions using a solar simulator (AM1.5G spectrum).
Results

Solution composition
Highly uniform ZnO thin films were produced by spray pyrolysis in our research group, using ZnAc 2 as precursor [16] . This compound is believed to form basic zinc acetate in a first thermal decomposition step, which is volatile and can thus decompose in a CVD-like manner [17] . One of the targets in the present work was to retain this growth type of the undoped ZnO after introduction of In as dopant. To achieve this, the dopant source should be volatile and not interfere with the decomposition of ZnAc 2 . Fulfilling both requirements, In(acac) 3 was chosen as dopant precursor, as it is both volatile and chemically quite stable due to the chelation effect. However, this compound showed only limited solubility in the used HAc-water mixture, and thus, it was necessary to heat the solutions to 80°C for 2 h. In this period, In(acac) 3 dissolved, most probably by partially replacing acetylacetonate ligands with water or acetate ions [18] .
The HAc content in the solution influenced the dopant dissolution process and consequently the properties of the films. For this reason, the HAc content needed to be optimized. In Table 1 , the impact of different HAc concentrations (4, 8, 12 vol%) on the resistivity, Hall carrier density and mobility are shown. Comparing the 4 and the 8 vol% samples, the resistivity shows a distinctive drop from (1.9 ± 0.3) 9 10 -2 X cm to (7.3 ± 0.6) 9 10 -3 X cm, which is mainly due to a twofold increase in the carrier density from (4.1 ± 0.8) 9 10 19 to (8.2 ± 0.4) 9 10 19 .
This most probably arises from the limited solubility of In(acac) 3 in the 4 vol% solution, from which a white precipitate had to be filtered off before the deposition took place. An additional increase in HAc to 12 vol% did not lead to a further resistivity improvement, and therefore, the HAc content was set to 8 vol% for the further experiments.
In the next step, the concentration of In(acac) 3 was varied from 0 to 8 at.% in order to find the optimum value. The actual In content in the films, extracted by OES, is shown in Table 2 . Similar In concentration in the film as in the solution was found for the IZO-2 and IZO-4 samples. In contrast, significantly smaller In concentrations in the film as compared to the solution were found for IZO-6 and IZO-8, which arises most probably from the limited In-dopant solubility. Indeed, marked precipitation could be observed in these solutions. A higher degree of In incorporation might be possible by increasing the HAc concentration.
The dopant incorporation resulted in changes in the film morphology, as could be observed by both SEM and XRD. In Fig. 1 , the plane-view micrograph of the undoped sample features stacked platelet structures, of hexagonal shape, vertically protruding from the surface. The most prominent peak in the diffractogram of this material ( Fig. 2 (a) ) is the (002) reflection at 34.53°corresponding to the zincite phase (ICDD 00-036-1451). This rough microstructure is typical for ZnO grown by pyrolysis of solutions with water and HAc as solvent [19, 20] . The IZO samples, however, showed a different grain morphology. IZO-2 consisted of platelet-shaped crystals, tilted 90°to the substrate and organized in bigger agglomerates. The XRD pattern of this material showed a (100) texture. For this doping level, the films are approximately 150 nm thicker than the other films (as seen from SEM crosssection micrographs), although the same amount of precursor solution was used in all cases. This difference in thickness presumably arises from the less dense crystal stacking of the IZO-2 sample. The IZO-4 sample, on the other hand, showed a smooth surface composed of small grains (Fig. 1 ). For this film, the (110) peak at 56.54°is dominant (Fig. 2a) . Nearly, the same diffraction pattern could be obtained for the IZO-6 sample, although it appeared to have a rougher surface in the SEM micrographs (Figs. 1, 2a ). This preferential (110) orientation is unique among the reported high-quality sprayed IZO films, of which the majority exhibited a (101) texture [4, 6, [9] [10] [11] [13] [14] [15] . In the IZO-8 sample, the (110), (100) and (101) reflection peaks are practically equal, showing that the film is composed of grains with various orientations (Fig. 2a) . The elongated, platelet-like grains appearing in the SEM image can be inferred to the (100) orientation (like in the IZO-2 sample) (Fig. 1) . In addition to the change in peak intensity, a continuous shift of the peak positions to lower Bragg angles with increasing doping concentration could be observed (Fig. 2b) . This shift amounts up to 0.18°between the ZnO and The table shows the concentration of In(acac) 3 in solution (c sol ) and the actual incorporation in the materials (c Mat ). Further, the effects on the thickness (d), the resistivity (q), the Hall carrier density (n) and the Hall mobility (l) are shown. The average specular transmittance T avg,,450-1000 is also presented, which was obtained in the range from 400-1000 nm (including the glass substrate). Last, the table presents the extracted bandgap values (E BG ) from Tauc plots Figure 1 Plane-view electron micrographs of the ZnO and the IZO materials. The scale bars correspond to 500 nm.
the IZO-8 sample and is attributed to the uniform lattice expansion caused by the introduction of the bulky In-dopant into the ZnO lattice. Using the Scherrer formula [21] , an almost linear decrease in the domain size is observed as a function of the In doping for both the (110) and the (100) peak, underlining the gradual loss of texture in the highly doped films (Fig. 2c) . It should be noted that, apart from the solution composition and deposition conditions, the use of a seeding layer can also influence the texture of the film. It was reported in [13] , for example, that a (002)-textured ZnO seeding layer modified the structure of the IZO film grown atop by spray pyrolysis, from granular to columnar. Nevertheless, the seeding layer could not impose completely its texture to the subsequent IZO film, which maintained its preferential (101) orientation. In the present study, the use of seeding layer was not investigated.
The In doping not only modified the morphology but also the electrical properties of the films, as shown in Fig. 3 . The ZnO resistivity (3.30 ± 0.04) X cm is much higher compared to the IZO films, which range from (1.60 ± 0.1) 9 10 -2 X cm for IZO-2 to (7.3 ± 0.6) 9 10 -3 X cm for IZO-4. The reason for this is the low carrier density of ZnO, which is ca. 2 orders of magnitude lower than for the IZO films. The carrier density presents a maximum for the IZO-6 film and then marks a pronounced decrease for IZO-8. On the other hand, the mobility of the doped films is significantly lower compared to ZnO. Among the IZO films, the mobility increases with the dopant concentration with the exception of IZO-6. The mobility depends on several factors, such as the carrier density, the film texture, the grain structure and segregation of impurities at the grain boundaries. Since the films present pronounced morphological modifications as a function of the In concentration, it is very difficult to explain why the doped films' mobility presents the observed behavior. The range of the observed mobility values is in accordance with the literature for IZO films deposited by spray pyrolysis [4, 13] .
Due to the observed minimum in resistivity and in order to keep the In-consumption at the lowest possible level, the dopant concentration was chosen to be 4 at.% (in solution) for the further experiments.
The ZnO sample had a hazy appearance with low direct transmittance in the visible range of the spectrum (Fig. 4a) due to the high film roughness, in agreement with the literature for ZnO films of similar morphology [20] . The smoother surface of the IZO films is manifested in the appearance of distinct Fabry-Perot fringes (Fig. 4b-e) and in the increase in the overall transmittance below 1000 nm. The 800-nm-thick films exhibited an average specular transmittance between 81.6 and 82.8% (including the glass substrate) in the window 400-1000 nm. At higher wavelengths ([1500 nm), the transmittance is sharply decreasing for the IZO films due to the pronounced free carrier absorption. In parallel, the band edge shifts to lower wavelengths for the IZO films compared to ZnO, which is attributed to the Burstein-Moss effect. Nevertheless, the bandgap values of the IZO films, as extracted from Tauc plots [22] (Fig. 4f) and appear in Table 2 , cannot be explained by the Burstein-Moss effect alone, which predicts a bandgap widening proportional to n 2 3 [23] . Indeed, despite the larger carrier density of the IZO-4 film compared to IZO-2, both films yield the same optical bandgap. Likewise, IZO-6 has a lower optical bandgap despite its larger carrier density compared to IZO-2. The bandgap assumes its lowest value among doped films for the IZO-8. This behavior may be explained with the argumentation of Sans et al., who stated that heavy doping of ZnO materials with In introduces antibonding indium-oxygen states [23] . These hybridize with the ZnO conduction band and lead to a downshift of the optical bandgap. This downshift scales with the In concentration in the film which can compensate the Burstein-Moss widening and gives rise to the observed trend of the optical bandgap versus In doping.
Optimization of the film thickness
In the previous section, it was shown that the IZO-4 films offered the best combination of electrical and optical properties. Therefore, this doping concentration was chosen for further experiments. In the next step, the optical and electrical properties as a function of the film's thickness were investigated. The thickness was varied in the range from 400 to 1600 nm. The target was to obtain films with sheet resistance values suitable for device applications (\50 X/sq.). Figure 5a , b show cross-section and plane-view SEM micrographs of the 1600-nm-thick film. XRD analysis (Fig. 5c ) revealed that the 400-nm film is not preferentially oriented, as multiple reflections showed similar intensity. The (110) texture became increasingly dominant with increasing film thickness. Figure 5d shows the peak area of the individual reflections as a function of the film thickness. While the (100) and the (101) reflections do not show a significant trend, a steady increase with the film thickness can be observed for the (103) and mostly for the (110) reflections. Thus, it can be concluded that in the first few hundred nanometers competitive crystal growth occurs in the film, from which the \110[ direction emerges as the preferred growth orientation. Once this occurs, the films continue their growth along the \110[ direction. Independent of their thickness, the films remain highly transparent in the visible range, as can be seen in the transmittance spectra in Fig. 6 . The average transmittance in the spectral range 400-1000 nm decreases on average by 2.6% per 400 nm thickness from initially 85.4 to 78.7% (Fig. 7a) . The number of Fabry-Perot interferences increases, as expected, with increasing thickness, while the transmittance in the IR range decreases.
The resistivity shows a steady decrease from initially (1.2 ± 0.3) 9 10 -2 X cm (400 nm) to (5.0 ± 0.1) 9 10 -3 X cm (1600 nm) (Fig. 7a) . Both the Hall carrier density and mobility of the thinnest film are significantly lower (Fig. 7b) compared to the other films, which explains the distinct drop in resistivity between the 400-and 800-nm-thick films. The reason might be alkali ions diffusion from the glass substrate to the films, as observed in the literature [11] . These ions act as acceptors in ZnO and can thus reduce the carrier density in the films [24] . The further decrease in resistivity for thicker films is mainly driven by the higher Hall mobility values. The mobility presents an almost twofold increase from 7.5 ± 0.6 to 13.1 ± 0.7 cm 2 /(V s) as the thickness increases from 400 to 1600 nm.
Stability under UV irradiation and increased temperature
The influence of UV exposure on the electrical properties of the deposited films was also investigated. As a semiconductor, ZnO increases its electrical conductivity when illuminated with photons with energy higher than its bandgap. The regular photoelectric effect occurs and disappears in a timescale of nanoseconds [25] . However, an additional, slower effect of the UV light on the resistivity can be observed in ZnO materials. Since this effect is built up and attenuated in a much larger time frame, it is often called ''persistent photoelectric effect'' in the literature. It can be explained by the following mechanism [25, 26] : electron-hole pairs are firstly generated by UV light absorption. The subsequent hole diffusion to the grain boundaries leads to an oxidation of the chemisorbed species present at these sites, which can lead to their desorption. Since only holes are consumed by this process, an accumulation of electrons in the crystal occurs and leads to an increase in the carrier density. In parallel, the grain boundary scattering is reduced and, thus, also the electron mobility is improved. The resulting decrease in the film's resistivity can be, however, reversed by the re-adsorption of ambient gases, unless the film is efficiently sealed. This is the basic principle of UV annealing, which can offer a fast, low-temperature improvement in the conductivity of polycrystalline ZnO films [26] .
The evolution of the films' sheet resistance upon UV exposure is shown in Fig. 8 . The samples were illuminated for 120 h, which corresponds to a dose of 12.1 kJ/cm 2 . The extent of the resistivity change strongly depends both on the carrier density and on the morphology of the films. The most significant change was observed for the undoped ZnO film, which showed a drop of the sheet resistance from an initial value of 42 to 2.04 kX/sq. The strongest reduction was observed in the first 7 h. The strong effect of UV exposure on the ZnO film can be explained by its high surface roughness, and consequently its high surface area, which facilitates both the desorption and re-adsorption of ambient gaseous species. The IZO sheet resistance generally showed a much weaker dependence on the UV exposure, albeit with qualitatively similar features to the undoped film. The largest resistance decrease occurs in the beginning of the UV exposure. The sheet resistance of the IZO-2 was still declining at the end of the illumination period, similar to the undoped sample. The same is true for the IZO-8 sample but to a lower extent. The large resistance change for the IZO-2 sample might arise from the platelet-like morphology ( Fig. 1) with increased grain boundary area. In contrast, the IZO-4 and IZO-6 samples show only a small resistance decrease during illumination. These are the films with a strong (101) texture, which additionally exhibited the highest carrier density. The smallest change in resistivity was observed for the 1600-nmthick sample. Considering the limited penetration depth of the UV irradiation, only the strongly textured part of the film is likely affected. The reduction in resistance did not reverse significantly even after 6 weeks, during which the materials have been stored in ambient conditions. The undoped ZnO and the IZO-2 showed an increase in sheet resistance from 2.04 to 3.2 kX/sq. and from 110 to 126 X/sq., respectively. The other materials, with higher In content, showed, however, only an increase smaller than 6% from their minimum resistance value.
In order to find the reason for this persistent effect, reflectance spectra of these samples were recorded in the infrared range, which are shown in Fig. 9 .
In these spectra, absorbed species lead to a suppression of reflectance at certain wavenumber window, allowing a qualitative determination of their nature. This was, however, only feasible for the undoped sample. The vibrational modes are masked in the doped films by increased plasmon-related reflectance, arising from the increased free carrier density (Fig. 9c-f) . Figure 9a shows the spectrum of the non-UV-exposed ZnO film, while Fig. 9b shows the film stored in ambient conditions for seven weeks after UV illumination, corresponding to the last measurement point in Fig. 8 . The most prominent absorption peak is located at 1117 cm -1 and corresponds to the Si-O stretching vibration of the substrate (m SiO ) [27] . Further peak assignment was conducted according to the literature [28] . A broad minimum located around 3600 cm -1 is observed, which can be attributed to O-H stretching vibrations (m OH ). The out-of-plane deformation of this group can be observed as part of the broad depression around 1350 cm -1 (d OH ). This peak is enlarged in the insets in Fig. 9a, b . Especially, the inset in Fig. 9b shows that this feature is composed of at least two single contributions, as two local minima can be observed at 1290 and 1380 cm carboxylate species (m s,COOH ). Indeed, it might be possible that HAc adsorbs during the cooldown of the substrates in the deposition chamber. If this compound is really present, it should induce also an absorption peak via an asymmetric stretching mode around 1610 cm -1 , where a minor depression can be observed (m as,COOH ). Thus, the spectra suggest possible adsorption of HAc, but judging from the corresponding peak sizes its significance appears to be minimal compared to the contribution of OH groups.
Comparing the ZnO spectra before and after annealing, it appears that the height of the hydroxide peaks is diminished after the UV annealing. Integrating both reflection peaks shows that the peak area is reduced by one-third. Chemisorbed water is known to heavily influence the electrical transport in polycrystalline ZnO films. [26] Thus, it appears that the long-lasting annealing effect can be at least partially explained by the desorption of chemisorbed water. The pronounced presence of OH vibrations in the as-deposited films can be attributed to the significant water partial pressure during synthesis, as water is used as solvent. This might lead to distinct chemisorption of water molecules in the production process. It appears that the activity of water under ambient conditions is not sufficient to restore the annealed samples back to their as-deposited state, even after the experiment period of 1350 h.
Last, the temperature stability was tested by heating a 1600-nm-thick IZO-4 film on a hot plate, in ambient atmosphere, at temperatures from 50 to 300°C, with a step of 50°C. The heating duration was 30 min at each step. For temperatures below or equal to 250°C, we observed practically no change of the sheet resistance of the film. Only at 300°C, the sheet resistance increased by approximately 5%. The thermal stability was further investigated by heating the film at 150°C for up to 4 h. Again no change in the sheet resistance could be observed.
Implementation in a perovskite solar cell
Finally, the applicability of the IZO films was tested by integrating the 1600-nm-thick layer into a solar cell, employing methylammonium lead iodide/chloride (MAPbI 3-x Cl x ) as absorber material. The device was built in superstrate configuration onto the glass/ IZO stack, as described in ''Materials and methods'' section. Figure 10a shows a cross-section SEM image of the solar cell stack, while Fig. 10b shows the corresponding current density-voltage (j-V) curves. A power conversion efficiency of 6% could be achieved with this architecture under AM 1.5G illumination, with a relatively high open-circuit voltage, V oc , of 910 mV, but a rather low short-circuit current density, j sc , of 11.27 mA/cm 2 . The low current density is not caused by the IZO electrode, as control devices with commercial ITO electrode (j-V curves also shown in Fig. 10b ) show even lower j sc and degraded fill factor (FF). The moderate performance of the devices is attributed to the fast degradation of the non-encapsulated perovskite absorber due to the high ambient humidity. The commercial ITO electrode has a sheet resistance of *10 X/sq., significantly lower than the one of IZO, giving rise to a faster increase in the current density at large forward bias values, inferring to a lower series resistance of the cell. We can conclude therefore that the developed IZO electrode is applicable to solar cell devices, even though other factors did not permit to obtain state-of-the-art cell performance. It is important to note also that, apart from the evaporated top Al contact, all other material components of the constructed solar cell are solution-processed.
Conclusion
Indium-doped and undoped zinc oxide thin films were grown by spray pyrolysis. ZnAc 2 and In(acac) 3 were used in a mixture of HAc and water, which gave rise to CVD-like growth at temperatures of 360°C. The optimum solution recipe was found to consist of 8 vol% HAc and 4 at.% In(acac) 3 in solution, which resulted in a dopant incorporation in the material of 3.6 at.%. With this recipe, a resistivity of (7.3 ± 0.6) 9 10 -3 X cm could be obtained for a film thickness of 800 nm. Hall measurements revealed a carrier density of (8.2 ± 0.4) 9 10 19 cm -3 and a carrier mobility of 10.4 ± 1.1 cm 2 /(VÁs). Increasing the layer thickness resulted in a decline in resistivity down to (5.0 ± 0.1) 9 10 -3 X cm, which could be mostly attributed to an increase in Hall mobility up to 13.1 ± 0.7 cm 2 /(V s). The (110) texture was obtained for sufficiently thick films of highest quality. These materials were also the most stable under UV illumination in terms of electrical resistivity. All samples showed a partially non-reversible decrease in their resistivity after the UV exposure, which can be attributed to the desorption of chemisorbed water. The optimized IZO film was used as a transparent electrode in a Pbperovskite solar cell, obtaining power conversion efficiency of 6%.
